The reaction between methane and oxygen was investigated in empty Vycor glass and quartz tubes and over various silica compounds in powder form. In the temperature range of 893-993 K and with methane-to-oxygen ratios close to unity, formaldehyde, ethane and ethene were produced with a combined 53-96% selectivity over Vycor glass reactor surfaces. Quartz reactor surfaces were less active, but gave the same products. Silica compounds in powder form such as Cab-0-Sil, Ludox gels and silicic acid were investigated at temperatures lower than 893 K where the blank activity of the quartz reactor became negligible. These silica compounds followed similar trends of activity as the Vycor or quartz reactor tubes, although at much lower temperatures. High oxygen-to-methane ratios improved the rates of overall methane reaction and C, formation. Short residence times enhanced the formaldehyde over the carbon monoxide and carbon dioxide selectivity. The reaction rates increased with pressure. However, in contrast to the results on empty reactor surfaces, no ethane was produced over the silica compounds, the ethene yields were lower, and the carbon dioxide production was higher. While the apparent activation energies for the overall methane reaction and for the production of carbon monoxide, carbon dioxide, ethene and ethane were dependent on the nature of the catalytic surface, the apparent activation energy for the formaldehyde formation appeared to be independent of the catalyst and remained constant at about 130 kJ/mol. This might imply that formaldehyde is generated in the gas phase and that carbon monoxide and carbon dioxide can be formed in secondary reactions of formaldehyde involving surface interactions. The effect of the acid/base character of the catalyst was explored by comparing the activities of the silica compounds with those of MgO and y-A&O,. MgO and ?-Al,O,, were more active than the silicas, but produced only carbon monoxide and carbon dioxide.
INTRODUCTION
The conversion of methane or natural gas into useful intermediate oxidation products instead of complete oxidation to carbon dioxide or partial oxidation to carbon monoxide is one of the most challenging problems for catalysis research [ 11. The relative inertness of the methane molecule towards the activation of its C-H bonds and the tendency for complete dissociation once as important reaction intermediates.
Hydrogen bromide and chlorine were used as promoters. Kegeyan et al. [ 19, 201 report the production of methanol and organic peroxides from the oxidation of methane at 673-773 K in a reactor vessel which was pretreated in a boric acid solution. It was concluded that peroxy radicals played an important role in the formation of methanol.
McConkey and Wilkinson
1211 investigated the oxidation of methane to formaldehyde in presence of homogeneous initiators such as NO, HBr, and HCl by using SiO, and AI,O, based catalysts at high temperatures (943 K). It was found that the residence time had a very important effect on the selectivity. With increasing conversion, the selectivity decreased.
The general conclusion from the above is that gas-phase reactions and wall and reactor geometry effects may contribute to the selective oxidation activity. Therefore, they should be taken into consideration in the studies of selective oxidation of methane.
In the first part of this work, the effect of glass surfaces such as Vycor brand and quartz on methane activation and the factors that favor the production of formaldehyde are investigated. Vycor glass has been proven to be active at room temperature in the n-butene isomerization, as demonstrated by the work of Little et al. [ 221 as well as in the adsorption of ammonia at 150' C as shown by Cant and Little [ 231. It was generally believed that the surface hydroxyl groups played an important role in the adsorption, being capable of forming hydrogen bonds with the adsorbate. This was further demonstrated in the work of Folman and Yates [ 241 where a contraction of Vycor glass was measured as a result of the adsorption of various molecules. The glass contraction was attributed to the attraction forces of the formed H-bonds. The perturbance of the surface hydroxyl groups as a result of adsorption is well known for SiOa, as reported by Little [ 251. Sheppard and Yates studied the interaction of various molecules with Vycor glass by IR spectroscopy [ 261. In the case of methane a new band, not present in the gas phase spectrum appeared, and it was attributed to physical adsorption. Cheaney and Walsh [ 271 observed a high activity of Vycor glass tubes in the combustion of methane. They attributed the activity to the deposition of a silicic acid layer on the glass surface during the manufacture of the Vycor glass which included a treatment with hydrogen fluoride. When silica tubes were coated with silicic acid, the high methane combustion activity of the Vycor tubes could be reproduced [ 271. Grabowski [ 281 showed by theoretical calculations that an interaction between the methane molecule and the silica surface is possible.
In the second part various forms of SiO, such as silicic acid, Cabosil fumed silica, and silica gels prepared from Ludox colloidal silica are tested for their ability to activate methane. The apparent activation energies for the various products of the selective oxidation of methane over silicic acid are determined and catalyst deactivation is studied. Finally in the third part other catalytic materials besides silica, namely MgO and Al,O, are studied in an attempt t.o assess the effect of the acidity on the activity and selectivity of methane oxidation.
EXPERIMENTAL

Flou: system and product analysis
A flow reactor system was used with on-line analysis of the products, as described elsewhere [ 291. The system lines except for the reactor were made of Teflon-coated stainless steel, SS-316. The reactor consisted of a U-tube with 4 mm inside diameter and 1 mm wall thickness made out of either Vycor glass or quartz. Cajon fittings were used to connect t.he U-tube to the stainless steel lines. The catalyst was positioned at the bottom of the U-tubes with the help of glasswool plugs made out of Pyrex or quartz wool, depending on the reaction temperature.
The reactor out.let lines were heated in order to avoid condensation.
The U-tube was placed in an oven whose temperature was controlled to + 1 K by an Omega 4002 KC controller. The total volume of the heated part of the reactor was approximately 3 cm' with the catalyst and the glasswool plugs occupying approximately one third of this volume. A thermocouple was placed in direct contact with the outside surface of the U-tuhe next to the catalyst bed, in order to avoid any potential contribution of the thermocouple material to the reaction. Tests were made with thermocouple wires placed on the outside surface as well as inside the U-tube. At. any reaction temperature, the maximum discrepancy observed was 3-5 K. The pressure in the range of 170 to 660 kPa was regulated by a needle valve in the reactor outlet. The gas flow was controlled by digital mass flow controllers (Tylan FC-260).
On line-analysis of the reaction products was performed using a Varian 3700 gas chromatograph equipped with both thermal conductivity and flame ionization detectors in series. Data acquisition and analysis was performed by a Varian 4270 integrator that controlled the automatic sampling and column switching valves.
The product gases first eluted through a 1.8-m Porapak QS column at 333 K with helium carrier gas flowing at a rate of 0.5 cm"/s. The permanent gases eluted very quickly and were passed into a molecular sieve column (0.9 m, 5A) where they were trapped. A switching valve was then actuated on time for the elution from the Porapak column of carbon dioxide, ethene and ethane which were passed through the detector. By switching back to the molecular sieve column the permanent gases with low retention time (O,, N,, CH, and CO) were now eluted into the detector. One more switch to bypass the molecular sieve column and simultaneous increase of the Porapak column temperature from 333 K to 463 K allowed for the analysis of oxygenates and hydrocarbons. After the end of the run the column temperature was brought back to 333 K and the valve was switched back to the molecular sieve column, making the system ready for the next injection.
For the positive identification of formaldehyde and other oxygenates, a combination of gas chromatography and mass spectrometry (GC-MS) was used. The reactor effluent was first passed through a Porapak QS column and then through a mass spectrometer (Finnigan GC/MS ). A dilute mixture of 10% methane in Argon (Air Products) was used. The purity of the methane was > 99% and the purity of argon was 99.998%. Analysis of the methane gas revealed traces of ethane at a level of 0.14 vol.-%. Extra dry, high purity ( > 99.6% ) oxygen (Metro Welding) was used.
Prior to admitting methane to the reactor, a flow of oxygen at a flow-rate of 20-30 cm3 STP/min was established and the temperature of the reaction zone was raised to 993 K for runs with empty reactor tubes, and to 893 K for runs in presence of a catalyst bed. After sustaining this oxygen flow for about 2 h, the oxygen flow-rate and temperature were brought to the desired level for the reaction with methane. The argon-methane flow was then turned on and lo-15 min lat,er the first sample of products was taken. Several data points were collected at each temperature over a period of about 6 h. As it will be shown later no serious deactivation problems were encountered. The methane conversion was determined from the amount of reaction products formed as quantified by the GC analysis. The amount of methane in the reactor feed was determined from GC runs in which the reactor was bypassed. The percent methane conversion X, to a given product i was then calculated as shown in eqn. (1):
The total conversion of methane, x,, was determined by summation of all the individual product conversions xi. The percent selectivity Si towards a specific product i was calculated as follows:
As a t.est for coking, a material balance was performed as follows: the calculated total amount of converted methane was subtracted from the experimentally determined amount of methane in the reactor feed. The result was compared with the amount of methane in the reactor effluent as experimentally determined by GC analysis. At the low conversion levels used throughout this work, the amount of coke formed was of the order of magnitude of the experimental error in determining the conversion. Furthermore, no visible signs of coking, such as discoloration, were noticeable in the used catalysts. The rate of formation of a specific product was calculated from the conversion of methane to that product. The overall rate of reaction of methane was determined from its total conversion to products. The following expressions were used:
where r, is the rate of formation of a product i per g of catalyst and s, r, the overall rate of methane consumption per g of catalyst and s, Fhl the flow-rate of methane in mol/s, and W the catalyst weight in g. Normalization of reaction rates in terms of turnover frequencies did not appear practical, since there is good reason to believe that homogeneous gas-phase reactions and/or reactions on the reactor walls may contribute to some of the product formation. In the case of empty reactor tubes, the reaction rates were normalized per m2 of inner surface of the tubes calculated from the tube geometry. For the empty glass tubes the residence time T was determined as follows: (5) where V, represents the volume of the heated reactor zone in cm3, and F, the total gas flow-rate in cm"/s. For the catalyt.ic runs the residence time t was determined as shown in eqn. (6):
Materials
Vycor brand glass is made by a process developed by the Corning corporation in which an alkali-borosilicate glass is heat treated and leached with acid, resulting in the formation of a porous glass of very high silica content (96%)
[ 301. Quartz glass from Wale Apparatus Co. was used. All the runs with catalyst beds were performed in quartz U-tubes.
Fumed silica (Cab-0-Sil) made by the Cabot corporation was pelletized prior to loading into the reactor. The silicic acid was Mallinckrodt analytical reagent grade with very low impurity concentration and a surface area of 275 m2/g. It was used as received in powder form.
In the preparation of silica gels, Ludox colloidal silica solutions (DuPont) were employed. Ammonium stabilized AS-40 solution (pH 9) was used, acidified with a small amount of nitric acid (70% weight, Baker reagent) and heated to 368 K where it gelled. The final pH before gelation fell to about 6. The gel was dried at room temperature for one day and then calcined at 923 K for 6 h. The surface area was 110 m'/g. The Ludox gel contained besides SiO, 0.38% by weight of Na,O, 0.002% of chloride and 0.005% of sulfate anions.
Apart from the silica compounds the following catalysts were used: MgO (Carlo Erba RPE-ACS, prepared from reagent grade magnesium carbonate and calcined at 1273 K, surface area of 47 m"/g), and very high purity y-A&OS from Strem Chemicals (surface area of 120 m"/g). These BET surface areas were determined after use of the materials under methane oxidation reaction conditions.
RESULTS
AND DISCUSSION
Activity of Vycor-Quartz reactor tubes Table 1 summarizes the total conversion of methane, xt, and the selectivities S, of the various products obtained in our quartz and Vycor glass tubes. At a methane-to-oxygen molar ratio of about 1 and over the temperature range of 893 to 993 K both tube surfaces produced ethene, ethane, formaldehyde and carbon dioxide. Under the reaction conditions used here, carbon monoxide was observed only over Vycor glass at temperabures > 940 K. The carbon monoxide production occurred mainly at the expense of formaldehyde.
As we will see later, carbon monoxide production can be achieved even over quartz by increasing the residence time. At a given temperature, the total methane conversion, xt, over Vycor glass was much higher than the one over quartz. At similar conversion (0.41% at 928 K for Vycor glass and 0.37% at 993 K for quartz) the carbon dioxide selectivity over Vycor glass was much lower than te one observed over quartz whereas the formaldehyde selectivity was somewhat higher. The very substantial differences in activity and selectivity be- tween Vycor and quartz reactors despite identical flow conditions and reactor geometries imply that gas interactions sensitive to the nature of the tube surfaces occur. However, in view of the high temperatures, a contribution of gas phase reactions cannot be ruled out. The residence time 7 has a very significant effect on the product distribution. Fig. 1 illustrates this effect for a quartz reactor at 993 K where 7 was increased from 3.3 s to 13.2 s by reducing the flow-rates by a factor of four while keeping the methane-to-oxygen ratio close to 1. The total methane conversion increased from 0.3% to 2.52%. At 7 = 3.3 s the formaldehyde selectivity was 60% and the combined ethene and ethane selectivity was 27%. The remaining 13% consisted of carbon dioxide. The short residence time quartz runs did not produce any carbon monoxide. At the long residence time run of 13.2 s carbon monoxide was generated at the expense primarily of formaldehyde. This implies that long residence times increase the probability of carbon monoxide formation via the decomposition of formaldehyde, a reaction sequence analogous to that observed in the combustion of methane [ 10 1. Therefore, operation at low residence times favors the formaldehyde formation. Similar residence time effects were observed in the Vycor reactors. In another experiment, the heated part of the quartz reactor was filled with quartz chips. Under identical conditions of methane and oxygen flow, pressure and temperature it was found that the activity was lower than the one of the empty tube by an order of magnitude.
These results clearly demonstrate the contribution of the gas phase in the propagation of the methane oxidation reaction.
The methane-to-oxygen ratio is another important factor influencing the product distribution. The methane-to-oxygen ratio was varied by keeping the methane flow-rate constant and varying the oxygen flow-rates. As shown in Fig. 2 for Vycor reactors at 943 K, a decrease of the methane-to-oxygen ratio from 0.998 to 0.494 doubled the rates of formation of formaldehyde, ethene and ethane. Further decrease of the methane-to-oxygen ratio to 0.21 enhanced the production of ethene and ethane. However, the yield of formaldehyde was now lower due to the oxidation of formaldehyde to carbon monoxide and carbon dioxide. On the other hand, an increase of the methane-to-oxygen ratio to 1.98 led to lower formation rates of ethene and ethane, a slight increase of the formaldehyde rate and a complete disappearance of t.he carbon monoxide. In view of the blank activity of the quartz, an upper temperature limit of 893 K was imposed on runs with catalyst powders placed into quartz reactors. Up to this temperature, the glasswool used to retain the catalysts in the U-tubes did not have any measurable effect on the blank activity of the quartz reactors.
Activity of silica based compounds
Various silica based compounds in powder form, including silicic acid, Cab-O-S& and Ludox gel exhibited similar trends of methane conversion as the empty Vycor and quartz reactors, although at much lower temperatures.
Methane-to-oxygen ratios lower than one enhanced the activity of these catalysts, in accordance with the behaviour in the Vycor brand and quartz tubes. Short residence times favored the selectivity of formaldehyde, as shown on Fig. 3 for Cab-0-Sil at a methane-to-oxygen ratio close to 1 and a temperature of 893 K. Similar behavior was observed on the silicic acid and Ludox gel samples. Consequent.ly, one way to improve the formaldehyde selectivity would be to use high flow-rates and low residence times. Table 2 shows the conversion and selectivity values obtained over silicic acid, which proved to be very active on a weight basis.
By comparison of the results of Tables 1 and 2 it is clear that silicic acid gives the same methane conversion as Vycor glass at temperatures as much as 100 K lower. However, there is a substantial difference in the ethane and ethene selectivities.
No ethane is produced over silicic acid and the selectivity of ethene is lower than the one of the Vycor tubes (1 % versus 57% at comparable conversions). Moreover the carbon dioxide selectivity of the silicic acid catalysts is higher than the one of the Vycor tubes (10% versus 3% at comparable conversions ) . As a conclusion, at comparable conversions the surface of silicic acid is more likely to produce carbon dioxide than the Vycor glass surface. This appears to be primarily achieved at the expense of the C, products which are more susceptible to oxidation than methane. Table 3 compares the overall rate of methane reaction and the selectivity over the various silica compounds for a methane-to-oxygen ratio of close to 1 at a temperature of 893 K. The rate of reaction is reported in two different ways, based on the weight and the surface area of the catalysts as determined after the reaction.
All three catalysts produced methane, formaldehyde, carbon monoxide and carbon dioxide. From the silicic acid runs, a trend emerged of increasing rate of methane reaction with increasing pressure. Blank runs performed over empty quartz reactors at higher pressures up to 450 kPa also showed some increase 0.28 0.62 1.21
Residence time [g s / cm31 Fig. 3 . Methane oxidation over Cab-0-Sil silica. Effect of the residence time on the product distribution at 893 K and methane-to-oxygen ratio close to 1. in activity as a function of pressure, however, the activity remained lower than the one of the silicic acid by more than an order of magnitude. The effect of pressure is currently being investigated in more detail and will be a subject for those over Vycor glass. On both silicic acid and Vycor glass, the apparent activation energy values for formaldehyde were very low and had within experimental error the same value. This might be a first indication that the formation of formaldehyde is not very sensitive to the nature of the catalytic surface and one might infer that formaldehyde formation involves a gas phase mechanism. One has to keep in mind that the activation energies presented here are only apparent ones, resulting from a complex interplay of gas phase and surface reactions.
In view of the complexity of these interactions and the many open questions about the reaction mechanisms, it is not yet possible to determine reaction orders and calculate the true activation energies. The difference in the activation energy for carbon monoxide, however, suggests that the subsequent oxidation and/or decomposition of formaldehyde is sensitive to the nature of the catalytic surface or reactor walls.
The activity maintenance was investigated by placing the catalyst on stream after the standard oxygen pretreatment and monitoring its methane oxidation activity for a period of 16 h at 863 K. As illustrated in Fig. 5 , silicic acid showed excellent activity maintenance. The other silicas investigated followed the same behavior.
Effect of catalyst acidity
In order to investigate the effect of catalyst acidity on methane oxidation, yAl,O, and MgO were chosen for a comparison with silicic acid [ 311. Table 5 ). Table 5 compares the rates of the overall methane reaction as well as the rates of formation of carbon dioxide and carbon monoxide over MgO, y-Al,O, and silicic acid.
The basic MgO was the most active catalyst giving carbon monoxide and carbon dioxide as main products. y-Al,O, also produced exclusively carbon monoxide and carbon dioxide, however, with lower rates than MgO, even when low methane-to-oxygen ratios were used which should lead to increased reaction rates (Fig. 2) . Under our reaction conditions, only the silica based materials including silicic acid produced formaldehyde; the overall rate of methane reaction over silicic acid, however, was low compared to that over Y-A&O~ and MgO, despite the higher pressure used in the experiments with silicic acid. Let us recall here that higher pressure increases the overall rate of reaction (Table  3 ). The activity trends emerging from Table 5 are enhanced even further when the rates are normalized per surface area rather than per weight.
The general conclusion is that y-Al,O, is less active than MgO. Both types of oxide surfaces, however, do not seem to preserve formaldehyde, yielding instead deep oxidation products carbon monoxide and carbon dioxide. Formaldehyde is only produced over the moderately acidic silicic acid. These results seem to agree in principle with exchange reaction studies between C?H, and methane performed by Quanzhi and Amenomiya [ 321 where it was found that ;.j-A&O3 and MgO were the most active cat.alysts, whereas SiO, was completely inactive up to 873 K. Larson and Hall [ 331 in a previous study have concluded that the exchange reaction can take place more readily on alumina than on more acidic silica-alumina
catalysts. An important trend pertains to the carbon dioxide selectivity as a function of temperature (Fig. 6 ). In the case of y-Al,O, and MgO, the carbon dioxide selectivity increases with temperature and almost doubles over the range of 793 to 893 K. In the case of silicic acid, however, the carbon dioxide selectivity remains almost unchanged at 10 to 13%.
Furthermore, the carbon dioxide selectivity does not appear to significantly change with pressure, as shown in Table 3 . As a consequence, silicic acid appears to be very promising for the conversion of methane into products other than carbon dioxide.
CONCLUSIONS AND RECOMMENDATIONS
It is proposed that formaldehyde, ethane and ethene can be produced by the select.ive oxidation of methane involving interactions with the walls of Vycor brand glass and quartz glass tubes. The residence time and the methane-tooxygen ratio play critical roles in the activity and selectivity. Reaction mixtures rich in oxygen favor high conversions of methane and high yields of carbon monoxide. It appears that formaldehyde is a primary product while carbon monoxide and carbon dioxide are, at least in part, secondary products of formaldehyde oxidation. However, at the high temperatures used it is likely that gas phase combustion reactions (chain initiation, propagation and termination) may be taking place as well. The exact contribution of gas-phase reactions to the observed activity and selectivity towards useful intermediate products is yet to be elucidated.
Similar activity and selectivity trends were observed over various silica compounds implying that probably the silica in the glass and not impurities are responsible for the activity. Although the elucidation of the mechanism of the reaction is beyond the scope of this particular publication it seems very likely that the generation of the CH,.radicals occurs via the interaction of methane molecules with the silica surface. It cannot be excluded that surface hydroxyl groups are involved in the process, facilitating the loss of a hydrogen atom from methane via hydrogen bond interactions. Subsequent oxidation of the radicals may involve a complex sequence of surface and gas-phase reactions. The effect of the amount of ethane impurities in the feed stream needs to be investigated as well, since it is quite possible that ethane can act as an initiator of CH,*radical formation.
MgO and Y-A~&~ are more active than the silica compounds but they only form carbon dioxide and carbon monoxide. Therefore, moderate acidity seems to favor the selectivity towards formaldehyde.
The formaldehyde production of the silica compounds can be enhanced under low residence times, high pressures and low methane-to-oxygen ratios. High surface area compounds were more active on a per unit weight basis, however, the differences were not as pronounced when the activity was normalized on a per surface area basis. The surface area is therefore an important factor in the activity and selectivity and this could explain the high yields obtained over the porous Vycor brand U-tubes compared to the less porous quartz reactors.
The uniformly low apparent activation energy for formaldehyde formation observed for all the silica catalysts and for the Vycor and quartz tubes implies that formaldehyde may be a primary product of gas phase reaction of CH; radicals generated on the surface. The subsequent decomposition andFor oxidation of formaldehyde to carbon monoxide and carbon dioxide appears to be sensitive to the nature of the surface.
The overall picture emerging is that of a rather complex set of surface and gas phase reactions, with variables such as residence time and probably aIs reactor geometry coming into play. Traditional heterogeneous reaction engineering does not seem to be fully applicable to deal with this situation, and a much larger database needs to be established before meaningful mechanistic and kinetic modelling comes within reach. Optimization of a catalytic surface alone will not hold the key to successful activation of methane for large scale technological applications.
The interplay between surface catalysis, wall reactions, homogeneous gas phase and radical reactions needs to be studied in great detail in order to achieve the desired high methane conversions while maintaining favorable selectivities for partial oxidation products. 
